In most developing countries, the disposal and treatment of solid waste in urban areas has proved to be a problem for the social acceptance of local residents and long-term sustainable development. This study proposes a multi-objective optimisation methodology to investigate sustainable network designs for solid waste management system. A case of Pathum Thani province, Thailand, is used to illustrate the application of the methodology. The social impact, defined as the number of people affected by the unpleasant sanitary conditions of nearby solid waste management facilities, is estimated by using GIS tools. The sustainability performances are normalised to a satisfaction scale, allowing decision makers to select network design solutions based on their sustainability target preferences. The results suggest that the facility location can significantly alter the sustainability performances, and it is shown that the locations of waste management facilities can be arranged to simultaneously improve all of the aspects of sustainability.
Introduction
At present, municipal solid waste management (MSWM) is one of the immediate issues needed to be addressed in the context of sustainable urban development, especially in Southeast Asia where nearly half of the population is expected in live in urban areas by 2020 (UN Population Division, 2009 ). The rate of municipal solid waste generation in the region tends to keep rising in parallel with the rate of urbanisation. Although the fundamental infrastructures of MSWM systems are already in place in most of the Southeast Asian countries, problems such as the lack of waste separation at source, ongoing use of open dumps, and inability to track landfill waste content, are still commonly observed as part of the MSWM concerns that need to be resolved. Improperly managed municipal waste can affect local community sustainability, as it leads to other public environmental problems, including the release of toxic chemicals, emission of pollutants and odour, and leachate contamination of ground and surface waters. The effects of such environmental problems are long-term, and in some cases, irreversible. In addition, the waste management effort to deal with the environmental impacts of wastes may inevitably lead to economic and social problems. Municipal solid waste is becoming more and more expensive to manage in a safe and efficient manner. As reported in 2012 by the World Bank (2012) , the annual cost of MSWM in low-income countries is expected to rise five times by 2025, with rapid population growth as the main driving force. Regarding the social aspect, the selection of waste site locations is often a difficult and complicated task, which easily draws negative social attention from the public. The decision to locate landfill and other waste management facilities in any particular area usually has to be made in the face of public resistance, as no one wants to live with the sight of waste and the odour it emits. A well-planned network of waste management facilities is the key to the sustainable development of MSWM systems and the communities they serve. Today, the mission of an MSWM system includes, but is not limited to, the collection, separation, treatment, recycling, and disposal of waste generated by a residential population. Among all these processes, waste disposal is recognised as the most harmful process from the environmental viewpoint (Cherubini et al., 2009) . The potential environmental impacts of landfill, incineration, and several other alternative disposal methods, are well documented by a previous study (Hamer, 2003) . In most developing countries in Southeast Asia, open dumping is still a common disposal practice for municipal solid waste. In Thailand, according to the report released in 2013 by the department of pollution control (Pollution Control Department Thailand, 2013) , more than half of the solid waste generated in Thailand ends up in open dump sites and illegal landfills, as shown in Figure 1 . There are as many as 2,024 improper open dump sites that could lead to accidents, such as the landfill site fire crisis in Samut Prakan that covered eastern Bangkok with toxic fumes for several days in March 2014 (Wiwanitkit, 2014) . Only about 27% of the waste is properly disposed of in sanitary landfills and incinerators with air-pollution control. In order to develop sustainable MSWM systems in this region, a major shift from the use of open dumping sites to controlled dumpsites and sanitary landfills is required, to increase the percentage of properly disposed waste. In the first step toward this goal, a proper arrangement of disposal sites and related waste facilities within a city is essential. All aspects of sustainability performance need to be considered. According to SCND literature, which is presented in the next section of the paper, the development of the social sustainability aspect is still underdeveloped compared to the economic and environmental aspects. To fill this gap, this research discusses the previous literature and proposes a method for assessing the social sustainability performance of MSWM systems. Then, mathematical programming models are formulated, to incorporate all three dimensions of sustainability into the network design of MSWM systems.
Background and literature review
In developing a sustainable system, properly selected sustainability performance indicators are required to be used in monitoring, controlling, and communicating with both internal and external stakeholders. Sustainability performances can be classified into economic, environmental, and social. The economic performance indicators are generally related to either cost or profit. The environmental performance indicators are usually expressed as the amount of pollutants released into the environment, calculated based on life cycle assessment (LCA) methodologies. The released amount of CO 2 is the most commonly used environmental performance indicator due to a well-developed public understanding of climate change and global warming impacts. While the economic and environmental indicators have been widely explored in previous supply chain network design research, social indicators are still in their early stages of development. The difficulties in defining a social indicator are due to the fact that social perception is subjective. For a large-scale system, the social impacts on multiple groups of stakeholders are often too complicated to be quantified in terms of single numerical values. In addition, unlike CO 2 , which can be used to represent the environmental impact of most types of network systems, there is no single social indicator that can universally be used to capture the social impact of a wide range of system types. The reuse of waste % of consumed waste
Community
As shown in Table 1 , the social sustainability indicators proposed by previous research are shown to have a direct relationship with the stakeholders of the system under study. In some of the studies, more than one social performance indicator is considered, to measure different aspects of the social impact sustained by a single or multiple groups of stakeholders. For industrial-related supply chain systems, working conditions and employment opportunities for workers are commonly considered. Pishvaee et al. (2012) incorporate ISO 26000 based social responsibility measures within a supply chain network design process. The social responsibility performance is evaluated based on the number of job opportunities created, the number of lost days due to employee injuries, and the amount of wastes and hazardous products generated. Mota et al. (2013) develop a social benefit indicator, which is able to assess the influence of a battery supply chain on job creation, environmental impact, and life quality. Santibañez-Aguilar et al. (2014) also consider the number of jobs generated in a biomass supply chain as the social benefit. In another previous study by Vasileiadis et al. (2013) the focus on social impact also revolves around the employment issues within agricultural supply chain systems. Their focus on social impact involves labour equality concerns and local perception towards agricultural landscapes and products. For service-providing supply chains, previous research uses social impact indicators related to customer experiences on the accessibility of service and service satisfaction. Beheshtifar and Alimoahmmadi (2014) determine the optimal locations of new clinics by minimising the variability of access distance. In their study, geographic information system (GIS) software is used to obtain the distances between the healthcare facilities and the places of demand. Afshari et al. (2014) examine the social impact associated with a facility location problem in terms of customer satisfaction toward the distribution services. For energy and water supply planning, researchers use performance measures capable of reflecting long-term and public oriented social values. Liner and De Monsabert (2011) evaluate the societal values of different municipal water supply strategies based on their reliability, public involvement, and institutional issues. In the sustainability assessment framework proposed by Santoyo-Castelazo and Azapagic (2014) , the social values associated with the use of fossil fuel and renewable energy sources for electricity generation is measured in terms of energy supply security, public acceptance, health and safety, and regeneration issues, using life cycle impact assessment (LCIA) methodologies. For solid waste management systems, a recent study by Santibañez-Aguilar et al. (2013) addresses the social impact of a solid waste management network. Their case study is in the same category as the type of network system addressed in our study. However, their interest on social impact is strictly related to the reduction of the amount of solid waste that goes to landfills, not the unpleasant sanitary effects of waste sites discussed earlier in this paper. Based on the literature already mentioned, researchers have attempted to translate an array of social impacts of the systems into single quantitative scores. The social impact scores are then incorporated into the objective functions of multi-objective optimisation models, used for supply chain network design. During this process, it is essential to have a good understanding of how supply chain networks can benefit or adversely affect society. The ability to locate stakeholders is also crucial to pinpoint and incorporate social impact into sustainable supply chain network planning. A GIS is an effective tool for spatial interpretation of population. Despite this, the use of a GIS to analyse population data and estimate social impact of a supply chain is very limited. Researchers often rely more on assessment tools such as surveys, LCIA, and statistical analysis.
This research intends to contribute to the sustainable development literature by developing a design method for sustainable MSWM systems, where the number of affected people estimated via GIS tools is used as the social impact indicator. Issues and problems of MSWM vary from region to region. In the case of Pathum Thani province, Thailand, the existing MSWM facilities are still inadequate, both in terms of operating capacity and the ability to handle and contain waste in a sanitary manner. Ineffective MSWM facilities in the region impose negative externalities on local communities residing in the immediate surrounding area. Such an impact is defined as the social impact in our study and is measured in terms of the number of affected people by the use of GIS tools. To the best of our knowledge, for sustainable supply chain network design problems, no attempt has yet been made to use a GIS to quantify social impact as the number of affected people. The details of the problem description of the case study, social impact assessment, and model formulation are given in the following sections of this paper.
Problem description
The problem addressed in this study is the long-term planning for sustainable MSWM. A case study of Muang and Sam Khok districts in Pathum Thani province, Thailand, is presented to demonstrate the designing technique. Similar to other cities with rapid population growth, these two districts now have a need to find a sustainable solution for solid waste management problems. As depicted in Figure 2 , the proposed MSWM system for the two districts of Pathum Thani province consists of a set of collection centres, sorting facilities, and disposal and treatment sites. There are 25 sub-districts in Muang and Sam Khok districts. Currently, each sub-district has one waste collection centre, which receives solid waste from the surrounding communities. Wastes at collection centres are transported to sorting facilities. One sorting facility can accept waste from multiple collection centres. At sorting facilities, wastes are sorted into three categories and sent to landfills, incinerators, and composting sites, all located outside Pathum Thani. At this point, some recyclables such as glass, plastic, and metal exit the municipal waste stream, as they are recovered by local private companies. To establish a sustainable MSWM system for Pathum Thani, it is proposed in this study that waste separation, disposal, and treatment facilities are constructed within its own territory. The number and location of sorting facilities, landfills, incinerators, and composting sites need to be determined. The sustainability performance of the MSWM system is explored by using a mixed integer linear programming model, as shown in the model formulation part. At the end, network design alternatives are presented along with their sustainability performance. In our sustainability assessment, the economic aspect is measured in terms of construction and transportation costs. For the environmental aspect, greenhouse gas (GHG) emissions from waste transportation activities are considered. Finally, the social aspect is assessed by determining the number of people living in close proximity to the waste sites, including sorting facilities, landfills, incinerators, and composting sites. This is due to the fact that the consolidation and decomposition of waste at sorting facilities, disposal, and treatment sites affect households in the vicinity, in terms of unpleasant sanitary conditions. It is expected that the locations of waste sites is a key factor affecting the sustainability performance of the MSWM system in Pathum Thani.
In this study, the geographical data, including area and road networks, of these two districts are obtained from the digital map of Pathum Thani province, NOSTRA MAP V.2016.10. Sam Khok district is located to the North of Muang district. The population density of Muang district is about three times that of Sam Khok district. The size of Muang district is about 25% larger than that of Sam Khok district. For these two districts, all the potential locations of waste sites are randomly located in empty areas away from communities and water sources, as shown in Figure 3 . The amount of solid waste generated by a sub-district is estimated, based on the population size (NSO, 2010) and the daily average amount of waste generated per person, which is reported to be 1.86 kg per person per day (Pathum Thani, 2016) . The quantity of waste at collection centres and the transportation distance to sorting facilities are shown in Table 2 . The distance from sorting facilities to disposal and treatment sites is shown in Table 3 . Table 3 Transportation distances between sorting facilities and disposal and treatment sites The construction cost and operating capacity of MSWM facilities are shown in Table 4 . The construction cost of facilities in Muang district is higher than that in Sam Khok district, mainly due to the higher land price. In Table 5 , truck carrying capacity, transportation cost per km, and CO 2 emission coefficients are shown. 
Social impact assessment method
As previously discussed, the social impact of MSWM systems is distinctive from that of other types of supply chain networks. For MSWM systems, the planning of facility locations needs to be made carefully to avoid the problem of locating waste-processing facilities too close to densely populated areas, due to landfill related health concerns and the social impacts perceived by local communities. Landfill health concerns are widely acknowledged. The literature on landfill health effects already shows that living near a waste site is the cause of various adverse health effects, ranging from allergies to cancer and birth defects (Vrijheid, 2000) . Regarding the assessment method, the evaluation of health effects is generally conducted for populations living in affected areas, generally defined as areas within a specific distance from waste sites. For instance, Dunne et al. (1990) conduct a health survey with people who live within less than 300 m and 300-1,000 m of a hazardous chemical waste site. Hall et al. (1996) use questionnaires with people residing within one mile of hazardous waste sites to assess the health risk posed by the waste sites. Similarly to health impact, social impacts are also inflicted on people who live near waste sites. Such impacts include increased traffic congestion, air and noise pollution, land use issues, and the loss of aesthetic value of the surroundings (Hirshfeld et al., 1992) . In this sense, it is reasonable to define the social impact of MSWM systems in terms of the number of people residing in affected areas. At the current stage, GIS software can provide many types of geographical data useful for spatial planning. One of the features is the identification of the amount and type of land use. In our social impact assessment, QGIS Version 2.14.3 is used to measure the amount of residential area affected by the unpleasant sanitary effects of waste sites. The area within a radius of 1 km from sorting facilities, disposal, and treatment sites is defined as the affected area. All people residing within this area, are affected by the unpleasant effects of wastes, and are called the affected population. The size of the affected residential area is translated into the number of affected people, based on the population density data at the sub district level. An example, showing the calculation of the number of people affected by incinerator 5 is shown in Table 6 . The number of people potentially affected by the proposed waste site locations is summarised in Table 7 .
Model formulation
To establish a sustainable supply chain network design for MSWM, a multi-objective mixed-integer programming model is formulated here. The main assumptions used in developing the model are listed as the following:
• Wastes are transported in a forward direction from collection centres to sorting facilities and to disposal and treatment sites.
• There is no flow of waste between facilities in the same supply chain stage: waste collection, waste separation, and waste disposal and treatment.
• There are three types of disposal and treatment sites, including landfill, incineration, and composting.
• Only the social impacts of sorting facilities and disposal and treatment sites are considered.
• A fleet of 16-tonne trucks and 32-tonne trucks are used to deliver waste from collection centres to sorting facilities, and from sorting facilities to disposal and treatment sites, respectively.
• All trucks are assigned to carry wastes at their full load capacity.
• The transportation cost and GHG emission over ten years of operation are considered.
A summary of indices, parameters, decision variables, objective functions, and constraints is given here.
Indices
i ∈ I set of collection centres j ∈ J set of sorting facilities k ∈ K set of landfill sites q ∈ Q set of incinerators r ∈ R set of composting sites p = 1, 2, 3 set of construction sites (landfill sites, incinerators, composting sites).
Objective functions
Our multi-objective mixed-integer programming model comprises three objectives: economic, environmental, and social. The supply chain network design can be made, based on single or multi-objective optimisation.
Economic objective function
The economic objective is to minimise the total construction and transportation costs. The construction cost is the cost to locate sorting facilities and disposal and treatment facilities at the different sub districts. The transportation cost is the cost of waste transportation, from collection centres to sorting facilities, and from sorting facilities to waste disposal and treatment sites, over a ten year operation period.
, 
BY j , BK k , BQ q , and BR r are the construction cost of sorting facility j, landfill k, incinerator q, and composting site r, respectively. UY j , UK k , UQ q , and UR r are binary decision variables, which take a value of 1 if sorting facility j, landfill k, incinerator q, and composting site r are constructed, 0 otherwise. For transportation cost, CX is transportation cost per km from collection centre i to sorting facility j. CY is transportation cost per km from sorting facility j to landfill k, incinerator q, and composting site r. DX ij is travelling distance from collection centre i to sorting facility j. DK jk , DQ jq , DR jr are travelling distance from sorting facility j to landfill k, incinerator q, and composting site r, respectively. NX ij is the number of times per day that wastes are transported from collection centre i to sorting facility j. NK jk , NQ jq , NR jr are the number of times per day that wastes are transported from sorting facility j to landfill k, incinerator q, and composting site r, respectively.
Environmental objective function
The environmental objective is to minimise the amount of CO 2 emissions arising from waste transportation activities. The amount of transport-related CO 2 emissions is calculated, based on the CO 2 emission coefficients, travelling distance, and carrying weight.
EX and EY are the CO 2 emission coefficients (kg of CO 2 per km) for light and heavy trucks with empty load. FX and FY are the CO 2 emission coefficients (kg of CO 2 per km) for light and heavy trucks with full carrying load, respectively. Light trucks are used to transport wastes from collection centres to sorting facilities, and heavy trucks are used to transport wastes from sorting facilities to disposal and treatment sites. With full load transport, the weight capacity of light trucks (TS) and heavy trucks (TL) are taken into account.
( ) 
Social objective function
The social objective is to minimise the number of people living within 1 km of sorting facilities and disposal and treatment sites. This objective function is defined as follows:
PY j , PK k , PQ q and PR r are defined as the number of people affected by sorting facility j, landfill k, incinerator q, and composting site r, respectively.
Constraints
Constraints (C1) to (C4) are truck capacity constraints. The number of trips required to deliver all wastes are determined, based on this set of constraints. XY ij is the total quantity of waste delivered from collection centre i to sorting facility j. YK jk , YQ jq , and YR jr are the total quantity of waste delivered from sorting facility j to landfill k, incinerator q, and composting site r, respectively.
( )
Constraints (C5) to (C8) are the capacity constraints for sorting facilities and disposal and treatment sites. For any selected site, the amount of accepted wastes must be at least the minimum capacity utilisation level CC, but not exceed the maximum storage capacity levels. SY j , SK k , SQ q and SR r are the maximum storage capacity of sorting facility j, landfill k, incinerator q, and composting site r, respectively.
Constraint (C9) ensures that all the wastes at collection centre i, in the amount of XX i , is delivered to the sorting facilities.
Constraints (C10) to (C12) are formulated to send wastes from sorting facilities to landfills, incinerators, and composting sites, according to the designated proportion. In this case study, 20% (LK), 50% (LQ) and 30% (LR) of sorted wastes are sent to landfills, incinerators, and composting sites, respectively.
Result analysis

Model validation under economic objective
For the purpose of validation, the proposed mathematical model is solved under the economic objective, using the input data of the Pathum Thani case study. According to the results shown in Table 8 , it can be seen that the MSWM system, with eight sorting facilities, one landfill, two incinerators, and two composting sites, has adequate operating capacity. The waste flow between the selected waste sites are shown. The economic, environmental, and social impacts associated with the solution are shown in Table 9 . For a 10-year planning horizon, the construction cost is the main factor affecting the decision of where to locate waste management facilities. Sam Khok is selected as the location of all landfills, incinerators, and composting sites, due to its lower construction cost compared to that of Muang district. However, despite the low setup cost, it is unsure that the MSWM system's environmental and social performances are at satisfactory levels. Wastes sorted in Muang district need to be delivered to Sam Khok district, resulting in excessive transport-related CO 2 emissions. The establishment of all disposal and treatment sites in just one district may weaken the social performance of the network system, due to the potentially unavoidable placement of waste sites in densely populated areas. The use of a multi-objective approach is necessary to obtain solutions with improved coverage over the three aspects of sustainability. To achieve this goal, this study uses a multi-objective approach, which enable us to evaluate the three pillars of sustainability on the same basis and search for compromise solutions. Additional functions are provided to calculate the satisfaction level on economic, environmental, and social dimensions. The results obtained from using the satisfaction-level functions are shown in Table 11 . Based on the four different combinations of objectives, the impacts on each sustainability dimension and their corresponding satisfaction levels are presented in scenarios 4 through 7. To limit the social impact of MSWM system, decision makers can use the solutions of scenarios 5 through 7. For each of the scenarios, the number of affected people is close to the minimum possible number. Decision makers can choose the solution of scenario 5 or 6, based on their preference on cost and GHG emissions. For scenario 5, all waste treatment and disposal sites are located in Sam Khok district, resulting in good economic and social performances. Scenario 7 offers a good balance between the three aspects of sustainability; all the aspects achieve satisfaction levels of above 80%. Based on the solution of scenario 7, most of the waste disposal and treatment sites are located in Sam Khok district; there is only one incinerator in Muang district. These results demonstrate that the multi-objective model is capable of producing results with a good compromise between the objectives under consideration. The improvement in one of the aspects does not always weaken others to a significant extent.
Functions
1 C C C C C f MN Ψ MX MN − = − − ( F 1 ) 1 E E E E E f MN Ψ MX MN − = − − ( F 2 ) 1 P P P P P f MN Ψ MX MN − = − − ( F 3 ) ( ) , All C E Max Ψ Min Ψ Ψ = ( F 4 ) ( ) , All C P Max Ψ Min Ψ Ψ = ( F 5 ) ( ) , All E P Max Ψ Min Ψ Ψ = ( F 6 ) ( ) , , All C E P Max Ψ Min Ψ Ψ Ψ = ( F 7 ) 6.3 Constraints C C C MN f MX ≤ ≤ ( C 1 3 ) E E E MN f MX ≤ ≤ ( C 1 4 ) P P P MN f MX ≤ ≤ ( C 1 5 )
Conclusions
Without proper spatial strategic planning, municipal solid waste generated in urban areas can become a huge burden for society, due to its unpleasant appearance and sanitary conditions. The establishment of MSWM facilities close to densely populated areas has placed demands on supply chain management to find ways to control the relevant social and other sustainability-related impacts. This study proposed a mixed integer model formulation, to help decision makers to achieve MSWM network designs with satisfactory levels of social impact without an undesirable outcome associated with the economic and environmental aspects. A case study of an MSWM system in Pathum Thani province, Thailand, is used, with an aim to validate the model, and to demonstrate how to use the model to identify sustainable solutions. At first, conventional single-objective optimisation models are formulated to minimise the economic, environmental, and social impacts of MSWM systems, one at a time. Economic impact is evaluated based on the construction cost of MSWM facilities and waste transportation cost. Environmental impact is measured in terms of transported-related GHG emissions. The social impact is defined as the number of people affected by MSWM facilities. One of the technical contributions of this study is the use of GIS tools for the analysis of geographical data, to determine the number of people living within the impact areas of a supply chain network. The use of the number of affected people as a social impact indicator for sustainability evaluation is new, but in line with previous landfill health effect studies, providing a good public understanding of the social impact of an MSWM system on a city. Based on the single-objective optimisation results, the attempt to improve any aspect of sustainability in particular always leads to a deterioration in at least one of the other aspects. To overcome this problem, this study proposes a multi-objective optimisation methodology. Multi-objective functions are formulated, in a way that all the sustainability performances are normalised to satisfaction scales. This allows decision makers to understand the impacts of the current solution with respect to the feasible solution space, and to select the solutions that help achieve their sustainability goals. The selection of solutions with an overly undesirable impact in any sustainability aspect can be avoided.
The results from the case study suggest that facility location decisions can significantly alter the sustainability performance of an MSWM system, and the communities it serves. Regarding the sustainability assessment, the identification of sustainability indicators and their quantitative assessment are the most crucial procedures that can influence the network design outcomes. In this study, the analysis of MSWM case study data is carried out using a traditional environmental impact indicator, which is transport-related GHG emissions. In future studies, other relevant urban environmental issues can be considered. This includes the effects of pollution associated with different waste management technologies. Land use impact due to the construction of waste sites can also be considered, especially in an urban context where land availability is of concern.
